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Two separate deep-seated, creeping landslides exist in close proximity in a mountainous area with highly heterogeneous geological 
and geotechnical conditions. The ground movements are measured at a depth greater than 50m and affect 65m-high G4 embankment 
and 240m-long S3 tunnel that are under traffic since 2004. 
 
The first landslide affecting the embankment initiated shortly after completion of construction in an area where the highway was 
realigned after an old, pre-existing unstable area was identified during the design. Tunnel S3, about 300m to the east of embankment 
G4, suffered from slope instability during construction. This was successfully dealt with and the tunnel was completed without any 
further problems. Yet, a number of deep inclinometers that were installed to monitor post-construction performance revealed the 
presence of deep seated, creeping movements affecting the entire tunnel.  
 
Due to the curvature of the alignment, both slip surfaces daylight in the same area at the bottom of the valley downhill. The 
stabilization measures involve the construction of a single toe berm, approximately 700,000m
3
 in volume, which extends across the 





Egnatia Odos is a 670 km-long highway crossing Northern 
Greece from the Ionian Sea port of Igoumenitsa in the west to 
the border with Turkey in the east. The entire highway is 
under traffic, except a 1 km-long section. Apart from a few 
sections built in the late 80’s and early to mid 90’s, the 
majority of the highway was designed and built between 1997 
and 2009.  
 
The area under consideration lies in the region of Central 
Macedonia, in an area of contact between two distinct 
geological zones. Due to the tectonic movements the rock 
formations, comprising mainly metamorphic rocks such as 
gneiss, schist and marble, are highly tectonized and exhibit 
poor mechanical characteristics. Bedrock is overlain by 
alluvial and lake deposits, as well as scree and landslide 
material with a chaotic structure and highly heterogeneous 
physical and mechanical characteristics. The thickness of the 
soil mantle is highly variable, locally exceeding 70m.  
 
Figure 1 shows the highway and the location of the works 
(within the red rectangle) on a map of Northern Greece.  
 
 
Fig. 1. Map of Northern Greece showing the Egnatia highway 
and the location of the works discussed in the paper. 
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A satellite photo of the area with the alignment and the two 
earthworks discussed in this paper is presented on Fig. 2. A 
general view of the area is pictured on Fig. 3. 
 
 













The embankment is 230m long with a maximum slope height 
of 65m and is located at 40˚26´04˝N / 22˚10´50˝E. 
 
In the early stages of the design, the alignment was about 80m 
downhill (to the east) with respect to its current location. It 
was crossing the area in a tunnel (S4), immediately followed 
by a ravine bridge. However, after an old landslide affecting 
tunnel S4 was identified, the alignment was shifted uphill to 
its present position and the ravine bridge was replaced by 
embankment G4. The replacement was decided because there 
were some concerns about the stability of the exit portal slope 
of tunnel S4 and the embankment would act beneficially as a 
buttress. Figure 4 focuses in the area of the embankment, 
illustrating the old landslide and the axis of the original 
alignment, together with the new landslide. Tunnel S4 is at the 
bottom of the picture, immediately before embankment G4. 
 
 
Fig. 4. Aerial view of the area with the old original alignment 
and the two landslides – the old and the new one. 
 
In total, 75cm of settlement was measured in the embankment 
foundation during a period of about 2 years, until the 
completion of construction. This is about 20% less than 
estimated in the design. The section opened to traffic in 
December 2004. 
 
In the spring of 2007, two inclinometers were installed to 
investigate whether the minor cracks and deformations that 
were being observed on the asphalt and the concrete side ditch 
on the downhill carriageway, could be attributed to slope 
instability. These clearly suggested the presence of shear 
movements within the embankment body and a more 
extensive monitoring program was subsequently set up at 
various stages. The deformations gradually became more 
pronounced on the downhill carriageway, before extending 
further uphill. Presently, cracks and steps appear at the two 
ends of the embankment, on both carriageways, clearly 
defining the lateral boundaries of the unstable area. The road 





During the various design and monitoring stages, 18 no. 
boreholes were drilled in the area. These revealed highly 
heterogeneous geological and geotechnical conditions, 
characterized by poor mechanical characteristics and signs of 
present and past instabilities.  
 







Tunnel S3 Embankment G4 
Fig.3 
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At depths ranging between a few and over 100m, a tectonic 
mélange of gneiss origin exists, where clayey and silty 
particles generally dominate, with more sandy horizons 
locally. The mélange broadly consists of two phases: one 
which is found at greater depth, more cohesive and generally 
stable and the second, part of an old landslide, that is much 
weaker and is encountered in alternating layers with the 
lacustrine deposits that exist closer to the surface. The latter 
consist of clayey materials of variable coloration and include 
lignite. The presence of organic matter is locally apparent 
within the lacustrine deposits, while random appearances of 
highly fractured marble also exist over the entire profile. 
 
Field and laboratory testing carried out showed that the 
mélange and the lacustrine deposits are generally stiff to very 
stiff with high NSPT and uniaxial compressive strength values. 
As subsequently discussed, lower shear strength parameters 





As a result of the chaotic nature of the ground profile, the 
hydrogeological conditions are very complex. A total of 48 
field permeability tests (Maag and Lugeon) were carried out. 
As expected, the tests revealed a wide range of values for the 
hydraulic conductivity k, from 1x10
-3
cm/sec in marble to 
7x10
-6
cm/sec in the tectonic melange. In some instances, a 
total loss of the drilling water was observed while penetrating 
marble. 
 
The complexity of the groundwater conditions is also 
demonstrated by the piezometer readings which showed a 
highly variable piezometric surface with depths ranging 
between 5m and 68m. This is generally above the depth of the 
failure surface however the opposite was locally the case.  
 
It is also noted that a spring was identified during construction 
in the foundation. A trench was excavated and backfilled with 
crushed rock to facilitate the discharge of water outside the 
foundation zone downhill.  
 
 
Inclinometer Readings and Landslide Geometry 
 
A total of 12 no. inclinometers have been installed in the area, 
which are being measured since 2007 and 2008. The 
cumulative movements in all instruments are plotted on Fig. 5, 
while the rate of movement is plotted on Fig. 6. The latter 
generally varies between 1 and 3mm/month, with the 
exception of the first half of 2010 where higher rates that 
peaked at 11mm/month, were recorded. These are attributed to 
severe precipitation during the winter of 2009 – 2010, which is 
presented on Fig. 7, illustrating the cumulative monthly 
rainfall for years 2006 to 2010.  
 
The maximum depth of movement was measured at 56m and 
the shape of the failure surface is approximately circular. In 
plan view, the boundaries of the landslide, as identified by the 
inclinometer measurements and the geological mapping that 
was carried out, extend over a length of 550m and a width of 
350m. The slip surface daylights in the ravine at the bottom of 
the valley. The embankment is founded at the top of the 

































































































Fig. 5. Cumulative displacements at location of embankment 
G4. 
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Fig. 7. Monthly cumulative rainfall – Years 2006 - 2010. 
 
Most inclinometers are not operating as of spring 2011 due to 
the inability of the probe to travel through the excessively 
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deformed tubes in the shear zones. In the remaining 
instruments, the highly deformed inclinometer tube and the 
resulting curvature adversely affects the accuracy of the 
readings. 
 
A representative geotechnical cross section showing the 
heterogeneity of the ground conditions and the graphs of 
inclinometers E3, E7 and E4 appears on Fig. 8. The 
embankment is shown in grey on the right and the slip surface 
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Fig. 8. Representative geotechnical cross section of Embankment G4 with cumulative displacement graphs of 3 inclinometers. 
 
 
Failure Mechanism and Causes 
 
Inclinometer data and surface observations suggest that the 
landslide is retrogressive; at its initial phase the instability 
affected the downhill carriageway only, with cracks and 
depressions appearing on the asphalt and tension cracks on the 
10m-wide median. Subsequently, these signs of instability 
extended to the full width of the embankment indicating 
further destabilization uphill. This mechanism is illustrated on 
Fig. 8 above. 
 
The landslide is believed to have been initiated by the load of 
the embankment in combination with the poor foundation 
conditions. It is considered that the foundation was stable 
before construction and that the active landslide downhill was 
completely avoided by the realignment. In the design of the 
embankment, slope stability calculations investigated potential 
surfaces passing through the foundation; however, the 
heterogeneity of the geological and geotechnical conditions 
had not been fully appreciated during the design, as the 
number and depth of boreholes was fairly limited. Due to this 
heterogeneity, it is very likely that weak zones of limited 
thickness and lateral extent exist within the mélange which 
failed under the embankment load and contributed to the 
initiation of the movements. 
Figure 9 shows a general view of the embankment with the 
boundaries of the old and the new landslide. 
 
 
Fig. 9. General view of embankment G4 with the approximate 
locations of the old and the new landslide. 
 
 
Stabilization Measures   
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Drainage. Considerable improvement of the stability 
conditions could be achieved by lowering the water table. 
However, due to the generally low permeability of the 
formations and the high uncertainty involved in the 
groundwater regime, any drainage measures would have to be 
dense and extensive, covering the entire area of the sliding 
mass. The only way to achieve this would be with a network 
of drainage tunnels which, due to the morphology, would also 
have to be fairly long, thus making the cost prohibitive. 
 
An alternative method for reducing the pore water pressures 
was also investigated; it was based on the assessment that a 
considerable quantity of groundwater is supplied from uphill 
through the fractured marble zones. To investigate this, a 
number of pumping tests were carried out in wells that 
penetrated marble zones, which yielded significant flow rates. 
However, this alternative was not investigated any further as 
there were concerns about the lateral extent and continuity of 
the marble zones, as well as the percentage of the sliding mass 
that would benefit from pumping. 
 
Structural Elements. The use of any combination of piles, 
barrettes and / or prestressed anchors would clearly not be 
appropriate due to the depth of the slip surface and the volume 
of the unstable mass. Such measures could not be constructed 
to the depth required to penetrate the slip surface and achieve 
adequate fixity and would not provide sufficient stabilizing 
forces to raise the safety factor to acceptable levels.   
 
Toe Berm. The construction of a toe berm would provide the 
most effective means for stabilization, because it leads to a 
sufficient increase of the safety factor, involves minimal 
uncertainty with respect to its effectiveness, requires very little 
maintenance and has a reasonable construction cost. 
Furthermore, there is sufficient space at the toe with 
competent ground capable to support its weight and, finally, it 
can be combined with the toe berm required for the adjacent 
landslide, discussed below, as a unified measure for 
stabilization. The main berm at the toe of the landslide is 
combined with a smaller one at the toe of the embankment that 
improves local stability.  
 
The disadvantages are primarily environmental, as the total 
volume of the toe berm is around 700,000 m
3
 but also 
hydraulic because the toe berm is to be built over an area 
where 3 ravines merge and substantial training works to 
control surface run-off are essential. This has been engineered 
with a combination of lined trenches and long culverts under 
the berm. 
 
A plan of the toe berm is shown on fig. 14. 
 
 
Slope stability analyses  
 
The stability of the slope was analyzed with the use of limit 
equilibrium methods. Back analyses were initially carried out 
on two sections to derive representative values for the residual 
friction angle on the slip surface to be applied subsequently in 
the design of the stabilization measures. Since the slip surface 
goes through both lacustrine deposits and mélange, two 
different representative values for φres were determined, one 
for each formation. The pair of values finally adopted that 
gives a safety factor of 1.00, is 14˚ for the lacustrine deposits 
and 17˚ for the mélange.  
 
In addition to the conventional 2-D analyses, pseudo-3D 
analyses, as proposed by Hutchinson (1979), were also 
performed by the designer to account for the friction on the 
sides of the sliding mass. In these, a number of parallel 
sections were analyzed and the driving and resisting forces 
along the slip surface were calculated for each section. Then 
the resisting forces on the sides of the first and last section 
were computed and added to the resisting forces from the 
previous stage. The safety factor was calculated as the ratio of 
the sum of the resisting forces to the sum of the driving forces. 
This methodology was applied twice; once, as back analyses 
to obtain a representative uniform value of φres for all 
materials, which in this case was equal to 11˚, and then to 
compute the safety factor obtained with the toe berm. 
 
The factor of safety with the toe berm was found to be equal to 







This is a 240m long twin-bore tunnel, located 300m after 
previously discussed embankment G4. Its approximate 
coordinates are 40˚26´21˝N / 22˚10´53˝E. 
 
The tunnel excavation was the cause for slope instability close 
to the northern portal during construction. Due to a 
combination of shallow overburden and poor quality rock 
mass, the tunnel deformations led to the destabilization of the 
slope uphill and partial tunnel collapse. This was restored by a 
combination of measures on the slope uphill (piles and 
prestressed anchors) and inside the tunnel (grouting and 
prestressed anchors). The excavation continued using heavier 
temporary support measures and the tunnel was completed 
without further problems.  
 
The slope failure raised some concerns about the long term 
stability of the natural slope and a number of deep 
inclinometers, extending well below the tunnel, were installed 





During the various design and monitoring stages, 19 no. 
boreholes were drilled in the area. The site is dominated by 
highly tectonized, thinly-bedded alterations of limestone, marl 
limestone, meta-sandstone, calcareous schist, gneiss and 
phyllite. Near the surface, the formation has weathered into 
loose clayey and sandy horizons, having a maximum thickness 
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of 8-10m, while at depth it can be described as a poor quality 





The results of field permeability tests that were carried out 
show that the permeability of the ground is low. The values of 
the hydraulic conductivity k, ranged from 1x10
-4





The depth to the groundwater table was generally found to be 
greater than 40 to 45m, in all but one case below the depth of 
the slip surface. A small quantity of water seeping out of the 




Inclinometer Readings and Landslide Geometry 
 
A total of 19 no. inclinometers have been installed in the area 
at various stages. Ten out of them were installed in 2003 and 
are being monitored since then. Plotted on Fig. 10 and 11 
below, are the cumulative displacements and the rate of 
movements respectively for all these instruments. The 
majority of the readings are very close or even below the 
accuracy of the instrument as they lie below the 0.5 
























































































































































Fig. 11. Rate of displacements (in mm/month) at location of 
tunnel S3. 
However, the evidence of the on-going, creeping movements 
comes from the long period of reading the instruments and is 
illustrated in the cumulative displacement plot. The 
movements are insensitive to seasonal precipitation variations, 
which is consistent with the observed, deep piezometric 
surface.  
 
The maximum depth of the movement was measured at 53m. 
The failure surface daylights at the toe of the natural slope and 
its shape approximates a circle with a very high radius. The 
tunnel and the stabilization works constructed to deal with the 
failure during construction lie entirely within the sliding mass.  
The landslide covers an area of approximately 570m long by 
300m wide. No signs of distress can be observed on the 




Failure Mechanism and Causes 
 
The first failure that took place during construction was 
clearly caused by the excavation works and the resulting 
redistribution of stresses and disturbance. The geometry of 
that failure was different than the one currently observed; it 
covered a much smaller area and was much shallower, 
daylighting at the tunnel invert. The rehabilitation measures 




Fig. 12. General view of tunnel S3 and the approximate 
landslide boundary. 
 
The movements currently observed are estimated to be 
independent of the tunnel construction, although no deep 
inclinometer data prior to construction are available to confirm 
this. The morphology of the hillside is not indicative of 
extensive past movements and there is no clear surface 
evidence of such movements, partly because of the very dense 
vegetation, which obstructs visibility and accessibility. A 
fairly pronounced step of limited length was located within the 
landslide, which could be an old back scarp. However, due to 
erosion and vegetation that has established, one can only 
hypothesize about it being evidence of past instability. 
 
It is believed that the hill side through which the tunnel was 
Tunnel S3 
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excavated has suffered slow movements of limited magnitude 
at different stages in the past as a result of the poor ground 
conditions and the seasonal action of the ravine that erodes the 
toe.  
 
A general view of the slope showing the extent of the 
landslide is shown on Fig. 12. A representative geotechnical 
cross section with the tunnel and the graph of inclinometer 





Fig. 13. Representative geotechnical cross section of Tunnel S3 with the cumulative displacement graph of inclinometer ES-6. 
 
 
Stabilization Measures   
 
There are very few alternatives for stabilizing this landslide. 
Clearly, drainage would have limited effectiveness because of 
the deep piezometric surface. Also, structural elements would 
be impossible to provide adequate resisting forces because of 
the volume and depth of the sliding mass. The construction of 
a toe berm provides the most effective means for stabilization 
and has all the advantages described earlier. Its design has 
been completed and is shown on Fig. 14. 
 
It could be argued that given the slow rate of movements and 
the lack of any damages or, even, signs of distress on the 
highway works, the landslide could be left untreated at the 
moment and, depending on the monitoring data, decide on 
appropriate action in the future. However, this toe berm 
overlaps with the one required for embankment G4 and there 
are  benefits in constructing both toe berms at the same time, 
arising from the ease of construction and lower mobilization 
costs. Given that there is considerable urgency for stabilizing 
embankment G4, both toe berms are being planned to be built 
in one phase.  
 
 
Slope stability analyses 
 
The slope stability calculations were carried out with limit 
equilibrium methods. The representative value for the residual 
friction angle along the slip surface was determined with back 
analyses, which gave a value of φres = 22˚.  
 
In the process of optimizing the design of the toe berm, a 
number of alternative geometries were examined. The one 
finally selected is shown in plan on Fig. 12 and gives a safety 
factor of 1.34.  
 
 
Fig. 14. Aerial view of the area with the two landslides and 



























































































































The two landslides presented in this paper are examples of the 
uncertainties and subsequent risks involved in the design and 
construction of major projects on poor and heterogeneous 
ground conditions. They underline the need for detailed and 
extensive investigations and designs but, mostly, the necessity 
for adequate post-construction management of the 
geotechnical hazards.  
 
The project owners or operators should be aware of the 
locations likely to present geotechnical problems during 
operation. An action plan, tailored to the particular site 
conditions and project characteristics should be in place to 
enable a quick identification of potential hazards. This would 
involve systematic walk-over surveys, instrumentation 
monitoring and ability to mobilize at short notice, if needed, 
the necessary equipment and expertise to collect information 
and obtain sound technical recommendations. Such an action 
plan would lead to an optimal use of resources in managing 
these hazards and a more efficient protection of the users and 
the public (or private) assets. 
 
The definitive design of the stabilization works in the area of 
embankment G4 and tunnel S3 has been finalized and is 





AEGEK - Construction Company for this section. 
EDAFOS – Geotechnical Design Firm who carried out the 
evaluation and design of the remedial measures. 
Dr. Evert Hoek and Professors Paul Marinos and Michael 
Kavvadas who acted as geotechnical experts to Egnatia Odos 
S.A. at various stages and shared their expertise and insight 
into the geological and geotechnical conditions in the area and 
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